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The imbalance in the electronic density of states between spin-up and spin-down electrons characteristic of
ferro(ferri)-magnetic materials gives rise to X-ray magnetic circular dichroism (XMCD) in the absorption of
circularly polarized X-rays with opposite helicity. These dichroic effects are largest near element-selective
atomic resonances and can be used to probe ferro(ferri)-magnetic ordering with element- and electronic
orbital-selectivity. We describe recent developments at the Advanced Photon Source that allow measure-
ments of XMCD in a diamond anvil cell. We discuss the challenges associated with these measurements
as well as their potential to further our understanding of complex magnetic materials.

Keywords: magnetism; X-ray magnetic circular dichroism; XMCD; synchrotron radiation; X-ray
absorption

1. Introduction

Remarkable advances in synchrotron radiation sources during the past two decades have resulted
in high-brilliance X-ray beams ideally suited to probe small sample volumes required for high-
pressure experimentation. As a consequence of this, a large number of X-ray based techniques
have been adapted for experiments in a diamond anvil cell (DAC). These include X-ray diffrac-
tion, X-ray emission spectroscopy (XES) and nuclear resonance X-ray scattering, all of which
have already contributed handsomely to answering important questions on phase stability, phase
composition, compressibility and electronic structure in the context of geoscience and materials
science problems [1–3].
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186 D. Haskel et al.

High-pressure studies of magnetism are also of great interest due to the intimate connection
between overlapping electronic orbitals and resultant spin configurations of participating elec-
trons. Examples include crystal-field driven transitions between high-spin and low-spin states in
transition metal oxides and loss of electron correlation effects (and related magnetic order) upon
increasing electronic bandwidth in Mott–Hubbard insulators. Despite this intimate connection,
X-ray probes of magnetic long-range order such as X-ray magnetic scattering (XMS) and X-ray
magnetic circular dichroism (XMCD) have been used only sporadically in the past decade to study
magnetism at high pressures [4]. Only recently, new efforts have taken place aimed at developing
full capabilities for these techniques in DACs [5–9]. The primary challenge for non-resonant
magnetic X-ray scattering, which can use relatively high energies (∼20 keV) and hence minimize
X-ray absorption in the diamond anvils, is its weak scattering cross section (six-to-eight orders
of magnitude weaker than X-ray charge scattering) [10]. Despite the small cross section, the high
brilliance of third generation synchrotron radiation sources coupled with focusing optics allows
for non-resonance XMS experiments to be carried out in the DAC, especially to probe antifer-
romagnetic (AFM) ordering, where charge and magnetic scattering are separated in reciprocal
space [5]. While large resonant enhancements to the XMS cross section can be achieved, typical
resonant energies for magnetic elements of interest lie in the 5–10 keV energy range where anvil
absorption is quite significant, and large scattering angles are needed to access a reasonably large
volume of reciprocal space.

The XMCD technique also requires tuning the X-ray energy to selected atomic resonances in
the 5–10 keV range, and hence its implementation entails minimizing X-ray absorption in the
diamond anvils. Unlike X-ray scattering, XMCD measures the difference in the absorption coef-
ficient of a magnetized sample for opposite X-ray helicities, which is commonly done using a
transmission geometry. Therefore, angular acceptance requirements for the DAC are much less
stringent than those of a resonant X-ray scattering experiment. XMCD also requires a brilliant
source of circularly polarized (CP) X-rays such as those produced by third generation synchrotron
radiation sources using specialized insertion devices or phase retarding (PR) optics. The XMCD
technique is the technique of choice to study ferro(ferri)-magnetic materials, yielding element-
and orbital-selective magnetization [11–13]. This is of great advantage in cases where more
than one magnetic specie is present, and for elucidating the role of selected electronic orbitals
in mediating magnetic interactions. Neutron scattering techniques probe the magnetic moment
of all scattering atoms simultaneously, and the collimation of neutron beams is inadequate for
DAC experiments. Similarly, SQUID magnetometry lacks element-specificity and is limited to
lower applied pressures due to restrictions in sample environment. Other X-ray probes of mag-
netism include XES and nuclear resonance X-ray scattering (Mössbauer) spectroscopy. Unlike
XMCD, XES is a probe of local magnetic moment and is not sensitive to magnetic ordering, while
Mössbauer spectroscopy can only be applied to selected isotopes.

2. X-ray magnetic circular dichroism

X-ray absorption through the photoelectric effect involves the excitation of a bound, core electron
(initial state) into unoccuppied electronic states (final state). Selection rules for electric-dipole
transitions using linearly polarized light require that initial and final states differ by one unit of
angular momentum �l = ±1 in order to account for the lost angular momentum of the incident
photon. The transition probability, given by Fermi’s golden rule, depends on the unoccuppied
density of states with the orbital character dictated by this selection rule, i.e. it is orbital-specific.
When CP X-rays are used, additional selection rules come into place because the X-ray photon
carries helicity, i.e. a well-defined projection of angular momentum along its propagation direction,
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High Pressure Research 187

Figure 1. Schematic representation of the electronic transitions responsible for XMCD. The situation corresponds to
the L2 (2p1/2) absorption edge in rare-earth Gd metal (half-filled 4f shell). The 5d band probed by this transition is split
between spin-up and spin-down states by intra-atomic 4f–5d exchange.

lz = ±1. If one neglects spin–orbit coupling in both initial and final states, this projection of
angular momentum ought to be conserved in the absorption process, and it is transferred to the
excited electron. However, in the presence of spin–orbit coupling in either the initial or final state,
lz is not a good quantum number (not conserved) while the total angular momentum j = l + s,
and its projection jz, are. Under these conditions, the photon’s projection of angular momentum
is transferred to spin-polarization of the excited electrons. It can be shown that right-CP photons
create spin-down photoelectrons, while left-CP photons create spin-up photoelectrons [14]. The
photoelectron’s spin-polarization is equal in magnitude but opposite in sign for opposite X-ray
helicities. Since magnetic materials have an imbalance in the density of spin-up and spin-down
unoccuppied electronic states (Figure 1), this gives rise to a difference in absorption cross section
for opposite X-ray helicities – the XMCD. The size of the XMCD signal depends on both the
spin-polarization of the photoelectron and the spin-polarization of the partial density of states
probed by the selected dipole transition.

The largest dichroic effects are found in the soft X-ray regime where transition metal L2,3

absorption edges (2p → 3d excitation) and rare-earth M4,5 absorption edges (3d → 4f excitation)
directly probe the (large) spin-polarization of electronic states carrying most of the material’s
magnetization (3d and 4f states, respectively). These resonances, however, are in the 0.5–1.5 keV
energy range, and hence are incompatible with transmission experiments in the DAC (0.1 mm
diamond thickness reduces the X-ray intensity by 12 orders of magnitude). The higher energies of
transition metal K absorption edges (1s → 4p) and rare-earth L2,3 absorption edges (2p → 5d),
in the 5–9 keV range, are more suitable for XMCD experiments in a DAC (1.0 mm diamond
thickness reduces the transmitted X-ray intensity by ×10 at 7 keV). The challenge is that XMCD
signals at these resonances are weak (0.1%–6%) due to the small induced spin-polarization in
the 4p and 5d electronic states, and the lack of spin–orbit coupling in the 1s initial state of K-
edge absorption. While these small XMCD signals are now routinely measured at a number of
synchrotron radiation sources, the incorporation of a DAC environment with the concomitant
increase in X-ray absorption presents more stringent requirements for an accurate measurement
of XMCD.

It is also important to note that XMCD is a vectorial probe of magnetism. Since the photoelectron
is spin-polarized along or opposite the X-ray helicity (X-ray propagation direction), the XMCD
signal depends on the relative alignment of the X-ray wavevector and the quantization axis deter-
mined by an applied magnetic field k̂ · m̂, where m̂ is the local moment direction. Since the
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188 D. Haskel et al.

X-ray absorption process averages over many absorbing sites, the vectorial nature of XMCD
implies that a net element-specific magnetization 〈(k̂ · m̂)〉 �= 0 is required to yield an XMCD
signal. Unlike XES or Mössbauer spectroscopy, XMCD is absent when local atomic moments
are present but are oriented randomly relative to the incident photon wavevector. This is the
situation in the paramagnetic state of ferromagnetic (FM) materials (above the Curie ordering
temperature), where temperature fluctuations overcome the exchange interaction responsible for
spin–spin correlations, and magnetic order is destroyed. XMCD is also absent when a ferromagnet
spontaneously orders in a multiple domain structure with randomly oriented magnetic domains, as
occurs in the absence of an applied magnetic field, unless the X-ray beam size is small enough to
avoid averaging over the magnetic domains [15]. XMCD is also absent in antiferromagnets where
no net magnetization is present. An applied magnetic field, however, may induce canting of the
AFM spin structure and result in a net magnetic moment and non-zero XMCD signal [16]. Since
magnetic ordering temperatures are determined by the strength of exchange interactions, and are
known to not exceed ∼1500 K, the vectorial nature of XMCD has implications for its applicability
under P–T conditions relevant to the Earth sciences; i.e. it is limited to temperature conditions
found in the upper mantle. Experimentally, the requirement of element-specific net magnetization
implies the need for applied magnetic fields and, oftentimes, low-temperature capabilities.

3. Experimental

The key challenge for XMCD measurements in the DAC is the diamond anvil’s absorption for
X-ray energies in the 5–10 keV range. The anvil’s absorption not only reduces the transmitted
intensity affecting counting statistics critical for the detection of small dichroic signals, but also
imposes more stringent demands on the degree of rejection of higher-energy harmonics present
in the nominally monochromatic incident X-ray beam. These harmonics are preferentially trans-
mitted through a highly absorbing DAC distorting the measurement of XMCD. To address this
issue, we have incorporated perforated diamond anvils into our DAC. This configuration, which
is similar to that reported in [17], is shown in the left panel of Figure 2. It involves a fully perfo-
rated anvil serving as backing plate for a 0.7 mm thick mini-anvil, and a partially perforated anvil
with a 0.1 mm thick inner wall. The perforated anvils, which are manufactured by D’ANVILS
(Tel Aviv), feature tapered perforations with entrance and exit dimensions of 1 and 0.1 mm,

Figure 2. Left: Diamond anvil configuration featuring fully- and partially-perforated anvils for X-ray transmission in
the 5–10 keV range. Right: Cryostat/DAC assembly shown in between the pole pieces of the electromagnet. Pressure is
calibrated in-situ by translating the cryostat/DAC into the ruby fluorescence station on the side of the magnet.
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High Pressure Research 189

respectively, resulting in an angular aperture of ∼±15◦. This angular aperture allows rotation of
the DAC to remove unwanted Bragg diffraction in the diamond anvils, were it to appear during
energy scans (±50 eV) through the element-specific absorption edges.

While the asymmetric configuration is more costly and results in a larger diamond thickness than
could be achieved with two partially-perforated anvils, this configuration retains a smooth optical
surface on the mini-anvil side allowing for in-situ pressure calibration using the ruby fluorescence
method (partial perforation results in a rough inner surface). While in-situ pressure calibration
using the X-ray absorption fine structure (XAFS) technique [9] does not require smooth optical
surfaces and can be used with a symmetric anvil configuration involving two partially-perforated
anvils, this method is more time consuming than the standard ruby method as it requires extended
energy XAFS scans through the absorption edge of the calibrant material. In addition, the XAFS
data are more likely to be affected by Bragg diffraction in the diamond anvils due to the extended
energy range, although this problem can be mitigated by collecting XAFS data at two different
angular positions of the DAC [9].

The total diamond thickness, of ∼0.8 mm, reduces the transmitted X-ray intensity by a factor
of about six at 7 keV. Compatibility with applied magnetic fields and low temperatures is met by
using a non-magnetic, copper–beryllium piston–cylinder DAC (model WCM-7B manufactured
by easyLab Technologies Ltd.). The He-gas membrane cell allows an in-situ change of pressure
under cryogenic conditions. The CuBe DAC is in thermal contact with the cold finger of a He-
flow refrigerator for low-temperature measurements. The cryostat is mounted in high resolution
translation stages for sample scanning and placed between the (hollowed) pole pieces of an
electromagnet. The magnet delivers a 0.6 Tesla magnetic field at the sample position, directed
along the X-ray propagation direction. Pressure calibration is achieved by a motorized translation
of the DAC/cryostat assembly from the center of the magnet to the ruby fluorescence calibration
system located on the side of the magnet, shown in the right panel of Figure 2.

CP X-rays are generated using PR diamond optics [18,19]. The advantage of PR optics over
specialized insertion devices, such as helical undulators, is the ability to quickly switch X-ray
helicity (switching frequency 10–20 Hz), enabling the use of lock-in detection of the small dichroic
signals [20]. Helicity switching is achieved by offseting a diamond (1 1 1) crystal away from its
Bragg condition using a piezoelectric actuator. A square waveform with the required peak-to-peak
voltage Vpp and selected frequency is used to alternate between opposite X-ray helicities, and the
related modulation in the absorption coefficient (XMCD) is detected with a phase lock-in amplifier.
This allows XMCD signals as small as 10 ppm to be detected. The beamline is equipped with a
set of toroidal (Pd) and flat (Si) mirrors for X-ray focusing and harmonic rejection, respectively.
Additional details on beamline optics and flux conditions can be found in [9,21].

4. Application to magnetocaloric material Gd5(SixGe1−x)4

To illustrate the potential of this technique to our further understanding of complex magnetic
materials, we present results on a new class of magnetocaloric materials, namely Gd5(SixGe1−x)4

ternary alloys. These materials have attracted attention because they display a first-order magneto-
structural transition that can be triggered with an applied magnetic field [22–26]. The large
field-induced changes in magnetic and structural entropy associated with this (otherwise sec-
ond order) paramagnetic-to-FM, first-order transition result in a giant magneto-caloric effect that
can be harnessed for magnetic refrigeration applications. Key to this effect is the emergence of
FM ordering with Si doping from within the AFM ordering of the Gd5Ge4 parent compound.
Since replacing Ge ions with the smaller Si ions leads to a contraction of the crystal lattice
(chemical pressure) and stabilizes FM ordering (Curie temperature Tc increases with Si doping),
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190 D. Haskel et al.

it is commonly assumed that the volume contraction plays a role in enhancing the Gd–Gd FM
exchange – over the Gd–Gd AFM exchange – interactions. Since the Gd 4f spins are localized on
their atomic sites with no overlap of 4f wavefunctions between different Gd sites, the exchange
interactions are indirect and mediated by the spin-polarization of the hybridized Gd 5d– Ge 4p– Si
3p wavefunctions which make up the conduction band of these materials.A volume reduction may
change the overlap of these wavefunctions and hence their ability to mediate exchange between
localized Gd 4f spins. In order to test this theory and separate the effect of a macroscopic volume
contraction from other electronic/local structure effects introduced with Si doping, we carried
out high-pressure XMCD experiments in the DAC.

Finely ground powders of a Ge-rich Gd5(Si0.0375Ge0.9625)4 alloy were mixed with silicon oil
pressure-transmitting medium. Cu fine powders were added to the mixture to enable pressure
calibration through measurement of Cu XAFS [9]. The volume ratio of sample, calibrant and
pressure-medium was ∼1:1:15 in order to yield sample and calibrant absorption μt ∼1 to 2 above
the Gd L3- and Cu K- absorption edges (μ is the linear absorption coefficient and t is effective
thickness). Finely ground ruby powder was added onto the face of the mini-anvil for pressure
calibration using the ruby fluorescence method. The mixture was loaded into the 250 μm hole
of a stainless steel gasket that was preindented to 80 μm. Diamond culet size was 600 μm. Gas
ionization chambers were used to detect the incident (I0) and transmitted (It) intensities. The
XMCD data were collected by modulating the X-ray helicity at 12.7 Hz and detecting the related
modulation in absorption coefficient μt = ln(I0/It) with a lock-in amplifier. The applied magnetic
field was 0.6 Tesla.

Figure 3 shows the XMCD raw data at the Gd L3 absorption edge at 35 K (top), its temperature-
dependent integrated area (bottom, left) and the XMCD saturation value (35 K) for various applied

Figure 3. Top: XMCD data at the Gd L3 absorption edge for various pressures and T = 35 K. Bottom, left: tempera-
ture-dependence of integrated XMCD intensity at various pressures. Bottom, right: saturation magnetization (35 K) as a
function of pressure for x = 0.0375 and x = 0.125 samples.
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High Pressure Research 191

pressures below 12 GPa. The temperature-dependent data show the presence of two magnetic
transitions below 6 GPa and only one magnetic transition above 6 GPa. The first transition, which
remains at high pressures, shows a large drop in magnetization and strong pressure dependence.
The second transition features a small drop in magnetization, a weak dependence on pressure,
and is absent above 6 GPa. By comparing with the (x, T ) phase diagram [22], we assign the
first transition to a FM-AFM transition with Tc shifting linearly with pressure from ∼60 K at
0.3 GPa to ∼250 K at 8.8 GPa. The shift in FM Curie temperature with pressure of dTc/dP

∼22 K GPa−1 is in reasonable agreement with values of 12 and 30 K GPa−1 reported in [16] and
[24] for samples with x = 0.125 and x = 0.1, respectively. The second transition is assigned
to an AFM–paramagnetic transition with transition temperature TN ∼130–150 K. The non-zero
XMCD signal in the AFM phase is a result of canting of the AFM moments induced by the
0.6 Tesla applied magnetic field [16]. Since the same magnetic behavior observed by a pressure-
induced volume reduction is observed by Si doping, namely a linear increase of FM Tc and the
disappearance of the FM–AFM transition, it follows that the volume contraction introduced with
Si doping is at least partially responsible for stabilizing FM order in this material. Further evi-
dence for this is the behavior of the saturation magnetization as a function of pressure, shown
in the right panel of Figure 3. The reduced saturation magnetization near ambient pressure is
indicative of competing FM and AFM interactions in the x = 0.0375 sample. A volume reduc-
tion, introduced by pressure, stabilizes FM interactions and results in a saturation magnetization
characteristic of samples with higher Si doping, such as with x = 0.125, where FM order is
stable.
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